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The maintenance of strong superrotating zonal winds in the
equatorial Venus atmosphere and the possibility of a similar regime
on Titan are examined with a modified version of an efficient
terrestrial general circulation model (GCM). The model is simpli-
fied by removal of the hydrologic cycle, the diurnal cycle, and
all seasonal and geographic variations. We describe a suite of
equilibrium simulations in which rotation rate, radiative heating
profile, surface drag, and stratospheric drag are varied. The key
to superrotation in these experiments is the presence of an upper
troposphere cloud which intercepts much of the incoming solar
flux and produces a statically stable radiative equilibrium state in
the lower and middle troposphere. The radiative heating profile
limits the depth of boundary layer convection and detaches the
upper level flow from the surface. At Titan’s presumed rotation
period, the cloud-covered GCM produces equatorial winds in ex-
cess of 50/100 m sec™! with/without stratospheric drag. Superrota-
tion extends throughout most of the atmosphere. Hadley cell inter-
action with quasi-barotropic eddies which transport momentum
equatorward is responsible for the excess angular momentum, con-
firming certain aspects of proposals by Gierasch {(1975) and Rossow
and Williams (1979) but with relatively modest Prandil numbers.
The latitudinal profile of zonal wind resembles that for uniform
absolute linear momentum. Removal of the cloud decreases static
stability, increases vertical convective mixing, and almost com-
pletely eliminates equatorial superrotation. Equatorial winds >60
m sec™! also occur at Venus® rotation period, but only near the
upper boundary in the absence of stratospheric drag. In the slowly
rotating regime, equatorial winds increase as surface drag in-
creases. Qur calculations represent the first GCM simulation of
strong superrotation without unrealistic momentum sources. The
results suggest that superrotation is not inevitable on slowly rotat-
ing planets but is likely if diabatic heating produces a statically
stable thermal structure. © 1993 Academic Press, Inc.

1. INTRODUCTION

One of the most surprising aspects of planetary fluid
dynamics has been the observation that Venus, the most
slowly rotating planet in the Solar System (rotation pe-
riod = 243 days), has strong planetwide superrotating
zonal winds whose angular velocity is 50-60 times that of
the solid planet. This finding was anticipated by
groundbased observers and verified by a variety of space-
craft instruments (cf. Rossow et al. 1990 for a review of
the observations).

Titan, which presumably is tidally locked to Saturn,
appears to be in a similar dynamical regime (rotation pe-
riod = 16 days). Midlatitude superrotation on Titan has
been inferred from IR brightness temperatures (Flasar et
al. 1981}, and tentative suggestions of stratospheric low-
latitude superrotation also exist (Wenkert and Garneau
1987, Sicardy et al. 1990), but there is no direct evidence
and no information at all below Titan's tropopause.

The dynamics of both Venus and Titan are driven by
latitudinally varying insolation. It is therefore easy to un-
derstand the presence of middle or high latitude superrota-
tion on these planets as the consequence of poleward
angular momentum transport by athermally direct Hadley
circulation. Fquatorial superrotation, however, requires
the presence of nonaxisymmetric eddy motions (Hide
1969, Held and Hou 1980, Rossow 1985). A number of
mechanisms for producing such eddies have been pro-
posed, including barotropic instability of the high-latitude
jet produced by the Hadley cell (Gierasch 1975, Rossow
and Williams 1979), solar semidiurnal thermal tides (cf.
Fels and Lindzen 1974, Pechmann and Ingersoll 1984,

0019-1035/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.



2 DEL GENIO, ZHOU, AND EICHLER

Leovy 1987}, transient or topographically forced plane-
tary- or small-scale gravity waves (Leovy 1973, Hou and
Farrell 1987, Gierasch 1987, Del Genio and Rossow 1990),
and external torques (Gold and Soter 1971).

GCMs predict the existence of high-latitude jets when
run at slow rotation, but they have been unsuccessful in
generating equatorial superrotation. The only GCMs to
date which have produced strong equatorial winds did so
in the presence of unrealistic momentum sources, €.g.,
due to a nonconservative eddy diffusion parameterization
(Young and Pollack 1977). Other slowly rotating GCMs
have yielded weak or even subrotating zonal winds at the
equator despite the presence of quasi-barotropic eddies
which transport momentum equatorward as required by
the Gierasch-Rossow-Williams scenario (Rossow 1983,
Covey er al. 1986, Del Genio and Suozzo 1987). Since
none of the latter group of models included a diurnal cycle,
it was plausible to speculate that missing transports by
thermal tides are the crucial superrotation mechanism.
Williams (1988a,b) in fact achieves moderate equatorial
superrotation via diurnal forcing of a moist terrestrial
GCM. This is appropriate for the upper Venus atmo-
sphere, but much stronger than that experienced by either
the deep Venus atmosphere or Titan’s atmosphere. Con-
sistent with this view, Hou et al. (1990), using a high-
resolution tidal model coupled to a zonally averaged circu-
lation model, have demonstrated that tides act primarily
within and above the cloud layer on Venus and can ac-
count for only about half of the observed superrotation.

Del Genio and Suvozzo (1987) suggested that the failure
of slowly rotating GCMs to superrotate was a conse-
quence of excessive vertical mixing by parameterized
convection driven by statically unstable radiative equilib-
rium temperature profiles. The convection mixes momen-
tum downward where it is transferred to the solid planet
by surface drag, and the adiabatic thermal structure pre-
vents large vertical wind shears. The resulting weakly
stable lapse rate inhibits the development of quasi-baro-
tropic eddies. In slowly rotating terrestrial GCMs, the
radiative state is dictated by the semitransparency of
Earth’'s atmosphere to sunlight, which is absorbed mostly
at the surface. In the Venus GCM of Rossow (1983), the
radiative equilibrium state was specified to be superadia-
batic in the lowest 20 km, according to prevailing opinion
about the Venus thermal structure at that time. Pioneer
Venus, Venera, and Vega probes have since shown, how-
ever, that the Venus atmosphere is statically stable above
5 km altitude except for isolated near-neutral layers at
~25-30 km and ~50-55 km (cf. Young et al. 1987). Titan
radio occultation temperature profiles from the Voyager
mission are also statically stable above ~3.5 km altitude
(Lindal er al. 1983), although the possibility of methane
moist convection on Titan complicates assessments of the
strength of vertical mixing there.

In this paper we use the GISS GCM to examine the
hypothesis that equatorial superrotation on slowly rotat-
ing planets is sensitive to the nature of the vertical radia-
tive heating profile (and resulting static stability) and can
exist in the absence of diurnally varying forcing. Section
2 describes the GISS GCM, the modifications we have
made for this investigation, and the simulations that were
carried out. Section 3 describes the general circulation,
diabatic heating, and thermal structure produced in the
cxperiments. In Section 4 we analyze the heat and angular
momentum budgets and energy cycles to understand the
factors conducive to equatorial superrotation. In Section
5 we evaluate our results in light of Gierasch’s original
hypothesis and discuss their implications for future plane-
tary missions.

2. MODEL AND SIMULATION DESCRIPTIONS

The simulations were performed with the Model IT ver-
sion of the GISS GCM (Hansen er al. 1983). Model 11 is
a gridpoint model with approximately 8° x 10° horizental
resolution and nine vertical levels with an upper boundary
at 10 mbar pressure. The vertical differencing scheme uses
the o-coordinate system. Horizontal differencing uses the
schemes of Arakawa (1972) on the B-grid, except that
potential temperature replaces temperature as a prognos-
tic variable. The model requires approximately 1.1 hr
CPU time per simulated month on an Amdahi 5870 com-
puter.

An important feature of the GISS GCM is that its stable
numerical schemes permit the model to be run with no
explicit horizontal or vertical diffusion. The Arakawa dif-
ferencing techniques conserve giobal angular momentum
to within about 0.0005% per day, or 1-10% over an entire
integration of the model to equilibrium, with the numerics
acting as a very weak momentum sink, This assures that
any superrotation which occurs is the result of explicitly
resolved and/or parameterized physical processes.

Physics parameterizations for Model [I are described
fully in Hansen et al. (1983). Important features for this
application of the model include: (i) Radiative heating,
computed with a semi-implicit spectral integration includ-
ing all significant atmospheric gases, aerosols, and cloud
particles. (ii) Dry convective adjustment, which com-
pletely mixes heat and momentum when two adjacent
layers are statically unstable and produces a dry adiabatic
radiative—convective thermal structure where it occurs.
(iii) Surface fluxes of heat and momentuni, obtained from
a drag-law formulation with a specified drag coefficient;
this differs from the standard version of the GCM, in
which the drag coefficient varies empirically with stability
based on observations of the terrestrial boundary layer.
The dimensionless drag coefficient Cpy is chosen to be
either 4 X 1073 or 4 x 107* in each run; these bracket the
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values typically encountered on Earth and are fairly close
to the upper and lower limits for land- and ocean-covered
surfaces estimated for Titan by Allison (1992). (iv) Strato-
spheric drag, parameterized as a simple Rayleigh friction
with a wind-dependent drag coefficient acting only in the
model’s uppermost level; this is a very crude representa-
tion of the effects of breaking waves, but it serves in
terrestrial simulations to close off the jet stream at the
tropopause as observed.

In principle, the simplest test of superrotation theories
would be a direct simulation of the Venus and Titan atmo-
spheres, with accurate specifications of atmospheric mass
and composition, radiative heating, and planetary radius
and surface properties for each planet. For Titan espe-
cially, these characteristics are rather poorly known. The
bigger obstacle, however, is that Venus’ massive atmo-
sphere and Titan’s large distance from the Sun yield radia-
tive relaxation times of the order of 50-150 years for both
planets (Pollack and Young 1975, Flasar et al. 1981). Stone
(1974) shows that the adjustment of the circulation to
equilibrium occurs on the radiative relaxation time scale
if the radiative equilibrium state is statically stable, as is
generally the case for both planets, Since the transient
and equilibrium behaviors of the general circulation are
not necessarily identical, Titan and Venus models would
have to run for several hundred simulated years to provide
a reliable diagnosis of superrotation mechanisms. The
excessive CPU requirements of such runs would preclude
sensitivity testing necessary to elucidate the factors which
control superrotation.

Our approach is to run the GCM instead as a terrvestrial
model with several key parameters changed to mimic the
important differences between Venus, Titan, and Earth.
The GCM thus has a surface pressure of | bar, terrestrial
atmospheric composition and planetary radius, and a solar
constant appropriate to 1 AU. The model is initialized with
an isothermal, motionless state and run to equilibrium
{(typically 5-10 years), as judged by the temporal evolution
of the global angular momentum, energy cycle compo-
nents, surface and air temperature, wind components, and
diabatic heating. Diagnostics are then accumulated and
averaged over an additional 5-year period. This strategy
permits us to conduct six sensitivity eXperiments in less
CPU time than would be required for a single integration
to equilibrium of either Venus® or Titan’s atmosphere.

To simplify the GCM, we remove the diurnal and sea-
sonal cycles as well as topography and all geographic
variations. Each of these may actually play an important
role on either Venus or Titan. However, by doing so we
eliminate the possibility of thermal tides or orographic
gravity waves, and this enables us to ¢valuate the impor-
tance of the Gierasch—-Rossow-Williams superrotation
mechanism in isolation from all other effects. We further-
more suppress the model’s hydrologic cycle in the current

TABLE 1
Parameter Settings for GCM Experiments

Rotation Surface

period Cloud drag Stratospheric
Experiment {days) T coefficient drag
Ti 16 5 4 x 1077 Yes
T2 16 0 4% 1073 Yes
T3 16 L] 4% 1072 No
T4 16 5 4% 1074 Yes
v 243 5 4 x 107} No
E 1 5 4% 197! Yes

experiments by climinating evaporation, condensation,
and precipitation. Water vapor is thus a well-mixed gas
with neither sources nor sinks and acts solely as a radia-
tively active constituent, The model’s surface is pre-
scribed to have the properties of a flat terrestrial desert.

The GCM’s predicted clouds are replaced by a pre-
scribed planetwide cloud layer with the optical properties
of 10-pum water droplets as is normally parameterized in
the terrestrial version of the GCM. The cloud is assumed
for this paper to occupy three model layers between the
150- and 550-mbar levels. The optical thickness is chosen
so that the cloud intercepts a substantial portion of the
incoming solar flux and the resulting radiative heating
produces a statically stable layer not far above the surface.
We choose an optical thickness 7 = 5 at 0.5-um wave-
length, which for the specified cloud and surface proper-
ties yields a 44% planetary albedo, with 36% of the insol-
ation being absorbed at the surface. Sensitivity tests with
thicker clouds (up to 7 = 120) do not qualitatively change
the results. By comparison, about 50% of the solar flux is
absorbed at the surface on Earth (cf. Houghton 1977),
about 8-30% estimated on Titan (Samuelson 1983,
McKay er al. 1989), and about 2.5% on Venus (Tomasko
et al. 1980). A similar experiment was carried out by
Williams (1988b), but only at a 64-day rotation period.
That model differs from ours in two important ways: (i)
Its absence of convective momentum mixing removes a
major source of dissipation and thereby minimizes the
important distinction between flows heated from above
and below. (ii) The use of a 120° sector model in the
absence of a diurnal cycle eliminates zonal wavenumbers
1 and 2, which dominate the eddy kinetic energy spectrum
and barotropic conversion at slow rotation rates (cf. Fig.-
6 and Table 2 of Del Genio and Suozzo 1987).

We present results for six simulations in which rotation
rate, radiative heating profile, surface drag, and strato-
spheric drag are varied (Table I). Experiments T1-T4 are
all run at Titan’s presumed rotation period. T1 and T2
differ only in the presence or absence of the stabilizing
cloud. T3 and T4 test the effects of removing the strato-
spheric drag and weakening the surface drag, respec-
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FIG. 1. Zonal-mean time-mean distributions of zonal wind speed {m

sec™!) at Titan’s rotation period for simulations with (Experiment T1,
upper) and without (Experiment T2, lower)} an upper troposphere cloud
layer.

tively. Experiment V is identical to T3 except that it is
run at Venus’ rotation period, while Experiment E differs
from T1 only by virtue of its being run at Earth’s rotation
period.

3. CIRCULATION, HEATING, AND STRUCTURE

The temporally and zonally averaged zonal wind field
for Experiments T1 and T2 are compared in Fig. 1. Experi-
ment T1 (Fig. 1, upper), which includes the cloud layer,
produces a strongly superrotating wind ficld at most alti-
tudes, with prograde (in the direction of rotation) equato-
rial winds of nearly 50 m sec™' at the cloud top and weak
jets of speed =60 m sec ™! near 70° latitude in either hemi-
sphere. The globally integrated angular momentum of the
circulation is 2.0 times that corresponding to solid body
rotation. The only subrotating winds are near the surface;

these are required to transfer angular momentum from the
solid planet into the atmosphere.!

The latitudinal profile of zonal wind # is intermediate
between the uniform angular velocity limit &, correspond-
ing to maximum efficiency of the Gierasch mechanism
and the uniform angular momentum limit i, resulting from
pure advection by the poleward branch of the Hadley cell
(cf. Held and Hou 1980}, where

ay

U, = U, cos
and

_ Qasin? @ + u,

1/}
cos §

2)

In (1) and (2) & is the equatorial zonal wind speed, (} the
planetary angular velocity, a the planetary radius, and #
the latitude. At # = 70° and 200 mbar, for example, in the
core of the jet, u = 67 m sec™!, whereas u, = 15 m sec™’
and u,, = 202 m sec™?,

The mass-weighted vertically integrated specific abso-
lute angular momentum M of the simulated zonal wind
distribution in T1 varies latitudinally approximately as cos
@ up to the jet latitude, while absolute vorticity (relative
plus planetary) varies approximately as tan 8. By compari-
son, absolute vorticity would be constant with latitude if
K=, . Since M = (u + Qa cos ) a cos f, cosine variation
of M implies that

(u + Qacos 0) acos 8 = [(u, + Da)a) cos 6. 3)
The corresponding zonal wind profile is given by

This profile corresponds to uniform absolute linear mo-
mentum, i.e., the sum of the wind speed and planetary
rotation speed # + Qa cos 8 is invariant with latitude.

I There is no transition to surface westerlies at high latitudes, i.e., the
global mean surface torque is nonzero; this is required to balance the
momentum sink at the upper boundary due to stratospheric drag and, to
a much lesser extent, to the slight internal loss of momentum by the
numerics. A model extending to lower pressures with a conservative
gravity wave drag scheme and perfect numerics would yield a surface
wind pattern with zero torgue instead.
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FIG. 2. Latitudinal profiles of time-mean zonal-mean zonal wind (i,

solid curves) at 100 mbar in Experiment T1 (upper) and observed at the
Venus cloud taps (lower, adapted from Rossow er al. 1990) compared
lo idealized profiles corresopnding to uniform angular momentum (&g, ,
dash—dot curves), uniform angular velocity («,, dotted curves), and
uniform linear momentum {#;, dashed curves).

Figure 2 shows that this is an excellent approximation to
both the jet level winds in the GCM at Titan’s rotation
period and the observed cloud top zonal winds on Venus
(Rossow er al. 1990). Although (4) represents an empirical
fit to the GCM results, it can also be shown to represent a
fundamental constraint on certain types of slowly rotating
flows {see Section 5 and Allison and Del Genio 1992 for
further discussion).

On the other hand, experiment T2 (Fig. 1, lower), in
which the cloud is absent, exhibits only very weak equato-
rial superrotation {peak 1, = 2.2 m sec”') and subrotating
winds throughout most of the equatorial atmosphere. Sub-
stantial jets (u = 43 m sec™!) are still present in this experi-
ment, but at higher latitude (78°) and pressure (400 mbar)
than in the simulation with the cloud. The poleward shift
of the jet is consistent with the slower atmospheric rota-
tion rate (Del Genio and Suozzo 1987). The latitudinal
profile is closer, but not identical, to the angular momen-
tum conserving profile (v = 0.5-0.7 u,, in midlatitudes).
The globally integrated angular momentum is only 20%

higher than would be the case if the atmosphere corotated
with the solid planet. This experiment is similar to most
of the slow rotation GCM results reported previously.

The corresponding streamfunctions of the mean meridi-
onal circulation are shown in Fig. 3. With the cloud (Fig.
3, upper), a two-tiered circulation occurs, with cloud layer
and surface Hadley cells separated by a midtropospheric
region of weak meridional circulation. Peak poleward/
equatorward winds are 2.7/1.5 m sec”' and 5.0/7.9 m sec™’
in the cloud layer and surface cells, respectively, but <1
m sec” ! in the middle troposphere. Without the cloud (Fig.
3, lower), a single strong surface Hadley cell develops,
penetrating only to the 400-mbar level. In both cases the
Hadley cell streamfunctions extend to the pole, so that
their poleward boundaries are not precisely colocated
with the jets. However, the strength of the Hadley cell is
negligible poleward of the jet.

The radiative heating/cooling rates which drive the
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mean meridional circulation are shown in Fig. 4. Both
solar heating and thermal cooling are amplified at the
cloud top level in the cloudy version of the model relative
to the model with no cloud. The thermal cooling rate

within and near the base of the cloud is near zero. In the
version with no cloud, solar heating and thermal cooling
are larger in the lower troposphere than in the cloudy
version except in the lowest layer, where the warmer
surface of the clear model and the large surface—air tem-
perature discontinuity forced by the model’s fixed drag
coefficient cause a local thermal flux convergence. The
net radiative heating profile in the presence of cloud is
double peaked in the troposphere, providing the diabatic
forcing for the separate surface and cloud layer Hadley
cells in Fig. 3 (top). Without the cloud, net radiative heat-
ing in the lowest model layer dominates that in the upper
troposphere, forcing a single strong lower troposphere
Hadley cell {Fig. 3, bottom). The near-surface radiative
heating in the clear model is enhanced by turbulent surface
sensible heat fluxes which warm the lowest layer at the
equator by 5°C day™', as opposed to only 3°C day~! in the
cloudy case.

The thermal structure and dry convective adjustment
patterns resulting from the diabatic forcing and dynamical
transports in the two simulations are shown in Figs. 5 and
6. A nearly adiabatic convective boundary layer exists in
the tropics in T1 {(Figs. 5 and 6, upper). but its depth is
only 130 mbar. A separate neutrally stable convective
layer exists within the upper half of the cloud in low
fatitudes. These layers are separated by a statically stable
region from 350-850 mbar. This structure qualitatively
mimics aspects of the observed temperature structure on
Venus. In T2 (Figs. 5 and 6, lower), the convective bound-
ary layer is much deeper, extending up to about 600 mbar,
with monotonically in¢reasing static stability above. Be-
cause convective adjustment also mixes momentum, the
convective layers are also locations of kinetic energy dis-
sipation in the model.

The meridional potential temperature gradient 48/dy is
diagnostic of the effects of the general circulation, with
small gradients at lower latitudes controlled by Hadley
cell heat transport and large gradients in a baroclinic zone
at higher latitudes, (Near-surface air, which more closely
follows the surface energy fluxes, is the exception.) From
this point of view, the effective extent of the Hadley cell
(as opposed to that defined by the streamfunction) is in-
versely proportional to superrotation strength: above the
boundary layer, the region of small §®/3v is much greater
in T2 than in T1 and, in T1, the width of this region shrinks
as we move from the lower to upper troposphere.

The sensitivity of superrotation to stratospheric drag,
surface drag, and rotation rate is demonstrated in Fig. 7,
which shows the zonally averaged zonal wind fields for
the other four simulations. Experiment T3 (Fig. 7a) is
identical to T1 except that stratospheric drag, a strong
kinetic energy sink, is removed. The result is an even
stronger, more uniform superrotation at all altitudes, in-
creasing monotonically to equatorial wind speeds >110m
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sec”' in the highest model level (27 mbar). The angular

momentum in this run is 3.0 times greater than that corre-
sponding 1o solid body corotation. Weakening the surface
drag by an order of magnitude (Experiment T4, Fig, 7b)
has the opposite effect, because it reduces the efficiency
of angular momentum transfer from planet to atmosphere.
Superrotation still occurs, but with peak equatorial winds
of only 12 m sec™! and distinct high latitude jets, Global
angular momentum is only 30% higher than for a corotat-
ing atmosphere, much closer to that for the cloudless
atmosphere. This result emphasizes the fact that knowl-
¢dge of the nature of Titan’s surface (i.e., fractional ocean
vs land coverage, topography) is crucial to an understand-
ing of its atmospheric dynamics.

Experiment V (Fig. 7c} is identical to T3 except that it
uses Venus’ rotation period rather than Titan’s. Since the
rotation rates of these planets differ by a factor of 15, one
might expect the absolute magnitude of superrotation to
be somewhat less in V than in T3, and this 1s indeed the
case. Relative to the solid planet, though, V superrotates

more efficiently than T3: its global angular momentum is
3.5 times that corresponding to corotation with the sur-
face. What is most surprising is that the vertical profile of
zonal wind is completely different in the two experiments.
Experiment T3 is characterized by relatively uniform ver-
tical shear. Experiment V, on the other hand, exhibits
strong equatorial zonal winds in the uppermost model
layer (64 m sec™!), but superrotation is effectively absent
within and below the cloud except for weak (7-8 m sec™")
cloud level high-latitude jets. This must be considered
an unsuccessful simulation of superrotation because the
effect of the upper boundary condition of the GCM is
potentially important when stratospheric drag is removed.
One possible explanation for the lack of superrotation at
lower altitudes is the GCM’s shallow depth (3.6 scale
heights at the top model level, 1.6 at cloud top} relative
to the actual depth of superrotating flow on Venus (about
7 scale heights). In Gierasch’s (1975) theory, the magni-
tude of superrotation scales exponentially with the depth
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of the flow in scale heights. Another possible reason is
the absence of thermal tides or gravity waves which might
act to redistribute angular momentum vertically. In the
context of these experiments, however, the difference
between V and T3 can be traced to the effect of rotation
on meridional heat transport and convection; we will re-
turn to this point in the next section.

Experiment E (Fig. 7d) illustrates that equatonial super-
rotation by the mechanism discussed in this paper is
unique to the slowly rotating dynamical regime. At
Earth’s rotation period, the effect of a stabilizing cloud is
simply to amplify the observed features of Earth’s general
circulation, with strong subrotating “‘trade winds’’ at low
latitudes and strong superrotating jets displaced poleward
from their observed lcoation. (The GCM accurately simu-
lates the jet location and magnitude when forced with
realistic diabatic heating for Earth; see Fig. 29 in Hansen
et al. 1983).

4. MOMENTUM BALANCE AND ENERGETICS

To diagnose the processes responsible for the presence
or absence of superrotation, we analyze the momentum
and energy budgets of the various simuiations. Figure 8
shows the angular momentum transports for the mean
meridienal circulation and large-scale eddies in Experi-
ment T1. Hadley cell transport 1s poleward and upward
in each cell up to cloud top (Figs. 8a and 8c¢), as it must be
if angular momentum increases with height and decreases
with latitude (Gierasch 1975). Horizontal eddy momentum
fluxes are strongly equatorward in both hemispheres at
all altitudes except near the surface (Fig. 8b). Eddy kinetic
energy peaks in the vicinity of the jets. The mean ampli-
tude of the eddies is 10—15 m sec™!, with about half the
total eddy kinetic energy occurring at zonal wavenumber
1. Averaged globally the eddy transport is 90% as large as
the Hadley cell transport, because of partial cancellation
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between the poleward and equatorward Hadley cell
branches. Thus, the eddies provide fairly efficient vortic-
ity mixing. Upward Hadley cell transport is balanced both
by downward large-scale eddy fluxes {Fig. 8d) and con-
vective momentum mixing (not shown), with convergence
by the former dominating in the lower troposphere and by
the latter in the cloud layer.

In Experiment T2, on the other hand, Hadley cell trans-
port extends only up to 400 mbar, with weak contributions
above (Figs. 9a and 9¢). Fairly strong cquatorward eddy
momentum fluxes still exist in the middle and lower tropo-
sphere (Fig. 9b), but they are colocated with convective
fluxes (cf. Fig. 6, lower) which dissipate kinetic energy
themselves and mix momentum downward so that energy
may be further dissipated by surface drag. In the upper
troposphere, eddy momentum fluxes are only weakly
equatorward at low latitudes and actually poleward at

higher latitudes, eliminating any chance for superrotation.
Globally averaged, eddy-momentum fluxes in T2 are only
40% as large as the Hadley cell transport.

The direction and location of the eddy momentum
fluxes of T1 (away from the jet maximum at latitudes of
strong meridional shear), along with the mixing of abso-
lute vorticity at middle latitudes, argues that the eddies
responsible are the product of barctropic instability of the
jet (Kuo 1949, 1978). If this is the case, we should expect
weak associated eddy heat transports. Figure 10 demon-
strates that this is indeed the case; globally averaged hori-
zontal transport of dry static energy (sensible heat plus
geopotential energy) by large-scale eddies is only 13% of
the total by the general circulation, most of it occurring
near the surface. Within the cloud layer, eddy heat trans-
port is effectively nonexistent, representing only 2% of
the total transport.
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Note that the presence of barotropic instability cannot
be inferred directly from the evolved mean flow, which
adjusts to neutrality on a time scale comparable to that
of the Hadley cell forcing. During the spinup phase,
the poleward branch of the Hadley circulation creates
uniform zero absolute vorticity up to the jet latitude,
with sharply increasing vorticity magnitude poleward
of the jet where the planetary vorticity dominates.
Perturbations then cause local absolute vorticity extrema
which are barotropically unstable. The resulting hori-
zontal mixing produces the observed tan 6 profile of
absolute vorticity, which approaches neutral stability
near the equator.

The eddy properties in the slowly rotating dynamical
regime are quite different from those in the terrestrial
baroclinic regime (Fig. 11). In experiment E, eddy heat
fluxes are poleward (Fig. 11, upper) as in Experiment
T1, but they account for 60% of the total horizontal

heat transport by the general circulation. The horizontal
eddy momentum transport in E is poleward at most
altitudes in both hemispheres (Fig. 11, lower), exactly
the opposite of that required to maintain an equatorial
superrotation. These properties are characteristic of
baroclinically unstable waves, and they explain the
presence of equatorial subrotation at the terrestrial rota-
tion rate.

The small eddy heat transports in the slowiy rotating
regime do not by themselves necessarily demonstrate the
nature of the eddies that produce them, because the trans-
ports are also a result of the small meridional potential
temperature gradients at the latitudes of peak transport.
For a more definitive assessment, we estimate effective
horizontal diffusivities of heat (x,} and momentum (z,) as
the ratio of the eddy flux to the meridional gradient of the
quantity transported. We then define an effective Prandtl
number,
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where f and F, are the peak zonally and vertically inte-
grated eddy transports of absolute angular momentum (M)
and dry static energy (s), respectively, and As and AM
are the equator—pole differences in these quantities. (Gier-
asch’s 1975 theory assumes diffusion of angular velocity,
but the resulting diffusivity is approximately the same as
that in (5) if the fluxes are evaluated in midlatitudes.) In
Experiment E, Pr = 0.2, consistent with the interpretation
as baroclinic eddies whose primary role is to transport
heat. In Experiment T2, Pr = 0.3, indicating only slightly
more baroiropic behavior. In the most highly superrotat-
ing experiments (T1 and T3), on the other hand, Pr = 2.8
and 4.1, respectively, attesting to the more barotropic
character of the eddies in these cases. It is noteworthy,

though, that in none of the experiments do we find ex-
tremely large Prandtl numbers. In Gierasch (1975), by
comparison, Pr = = is assumed: We will return to this
point in Section 5.

The conditions necessary for strong superrotation are
perhaps most conveniently summarized by examining the
components of the energy cycle (Fig. 12}. In all the slow
rotation simulations energy flows as follows: (i) Radiative
heating/cooling (G) generates available potential energy
{A) by establishing an equator—pole temperature gradient.
(i) The mean meridional circulation converts A to kinetic
energy of the mean zonal flow (K,) via the angular mo-
mentum transport of the poleward branch of the Hadley
cell, which establishes the high-latitude jets. (iii) K7 is
either converted to eddy kinetic energy (Kg) by barotropic
instability or dissipated (D;) by convective momentum
mixing, surface drag, or stratospheric drag. (iv) Kg is
converted back to 4 by vertical eddy heat transports (not
shown), which are downward everywhere except above
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FIG. 11. Northward eddy transports of dry static energy (101 W,
upper) and angular momentum (10! I, lower) in Experiment E.
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the cloud top. This type of energy cycle is just the opposite
of that which characterizes Earth’s troposphere. In Ex-
periment E, for example, baroclinic eddies convert A to
Ky and then Kp to Kz. (A is converted to K, in this
experiment because of the strong Hadley cell forcing by
the cloud; on Earth, midlatitude Ferrel cell conversion of
K; to A is thought to slightly outweigh the effect of the
Hadley cell; Houghton 1977.)

The key to superrotation can be found by comparing
the two possible sinks for K in the strongly superrotating
(T1, T3) and nonsuperrotating (T2) Titan rotation cases.
When barotropic conversion (C,;) dominates dissipation,
strong superrotation results; when dissipation dominates,
zonal winds are weak. In'T'l, C,g/D2 = 3, because convec-
tion is restricted to isolated layers; it is even larger in
T3 because of the absence of stratospheric drag, In T2,
however, C,z = D;, because convective fluxes are
stronger and the eddies flux momentum into the region of
boundary layer convection. This appears to have been the
weakness of all previous attempts to produce superrota-

tion in slowly rotating GCMs. The GCM results are con-
sistent with the two-dimensional simulations of Rossow
and Williams (1979), in which significant modification of
a forced jet structure by barotropically unstable eddies
occurs only when the dissipation time scale exceeds the
dynamical time scale for the nonlinear eddy processes.
T4 is a special case; Cyg exceeds Dy, by a factor of 6 in this
experiment, yet equatorial winds are relatively modest
because the weak surface drag limits the transfer of angu-
lar momentum from solid planet to atmosphere. In this
case, it is the source rather than the sink process that
limits superrotation.

Further evidence of the controlling effect of static sta-
bility comes from examination of Experiment V. At
Venus’ rotation rate, the direction of the energy cycle is
similar to that at Titan’s rotation rate, and the solar heating
distribution is essentially identical as well because of the
prescribed cloud, yet strong superrotation occurs only at
the highest model level. However, Fig. 12 shows that
despite the similar solar forcing in V, T1, and T3, dissipa-
tion of K; is comparable to barotropic conversion in Ex-
periment V.

The difference between the Venus and Titan cases lies
mn the effect of rotation on the mean meridional circula-
tion. For the zonally averaged flow, the thermodynamic
energy equation for Hadley cells stretching from equator
to pole can be scaled as

4 W ,
— Byt A, =0, (6)

where V and W are the mean meridional and vertical
velocity scales, D is the total depth of the circulation, A,
and A, are the meridional and vertical potential tempera-

ture contrasts, and Q is the diabatic heating rate. Continu-
ity implies that V/ia ~ W/D, so if A, <€ A,

V~Lﬁ.&(] _ﬁl)_

A, +4, A A @

Globally averaged, A, = 64-68 K is almost independent
of rotation rate in the GCM, while A; = 4, 24, and 55 K
in Experiments V, T1, and T3, respectively. The smaller
A, at Venus’ rotation rate implies a larger Vin (7), i.e., a
more vigorous Hadley circulation.

Figure 13 shows the resulting effects on the dynamics.
The Hadley cell in the cloud. layer is much stronger in
Experiment V (Fig. 13a) than in Experiment T3, and its
heat transport twice as large, leading to nearly horizontal
isentropes (Fig. 13b). Associated with this, convective
mixing, which is restricted to low latitudes away from the
jet at Titan’s rotation (Fig. 6a), extends all the way to
the pole at Venus' rotation (Fig. 13¢). Thus, despite the
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presence of generally equatorward eddy momentum
fluxes (Fig. 13d), convective dissipation within the jet
region limits the extent of barotropic conversion and pre-
vents superrotation in the cloud. It is worth noting in this
regard that the observed cloud morphology on Venus
tentatively suggests that cloud-layer convection (if the
presence of mesoscale cellular features in ultraviolet im-
ages is an indication) is restricted to latitudes between
=40° (Del Genio and Rossow 1982).

In principle, boundary layer convective momentum
mixing and surtace drag can also provide the excessive
dissipation which inhibits superrotation in V. We per-
formed a sensitivity test using a 7 = 120 cloud which
completely shuts off boundary layer convection but en-
hances cloud layer convection. Equatorial winds in the
cloud layer increased only to 3—4 m sec™! with no other
significant changes. Another sensitivity test with Cp, de-
creased by an order of magnitude reduced the peak wind

in the top layer to 40 m sec™! and produced subrotating
winds of 1-2 m sec™! in the cloud layer. Thus, surface
effects do not appear to be the primary impediment to
superrotation in V.

5. DISCUSSION

a. Have the Gierasch—Rossow—Williams Conditions for
Superrotation Been Met?

Gierasch’s (1975) theory first required that the flow be
in cyclostrophic balance and that Ri & /4, where Ri is the
Richardson number (Ri = A, /A, for cyclostrophic scaling)
and h is the dimensionless depth of the flow in scale
heights (4 = 2 in the GCM). In Experiment V, A /A, =
16, 50 vertical heat advection dominates meridional ad-
vection but the flow is too weak at most levels to be
in cyclostrophic balance. At Titan’s rotation period, the
Coriolis force is not negligible; since A,/A;, = 3 in the
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global mean in Experiment T1, horizontal heat transport
plays a role (horizontal temperature contrasts are much
smaller, though, in the cloud layer). The flow is nearly in
gradient wind balance with the presure field (see Fig. 14
and discussion below}. These conditions affect only the
scaling, however, not the basics of the mechanism.

The essence of the Gierasch mechanism is that (i) Had-
ley cell horizontal heat transport must dominate eddy
horizontal heat transport, (i} equatorward eddy angular
momentum transport must dominate poleward Hadley
cell angular momentum transport, and (iii) vertical eddy
angular momentum transport must be weak relative to
horizontal eddy angular momentum transport. Rossow
and Williams’ (1979) two-dimensional simulations suggest
that the above conditions will be realized only in a weakly
forced flow, i.e., one in which the nonlinear kinetic energy
cascade processes dominate the forcing and drag pro-
cesses. The horizontal and vertical diffusivities of angular
momentum (v, »,) and heat (x,, x,) in Experiment T1,
estimated from the simulated eddy fluxes (including con-
vection) and gradients of the zonal and time mean fields,
are

v, =3 X 108m?sec’,
v, = 15m?sec”!,
Ky = 1 x 10°m?sec”!,

K, = Tm*sec™l. (8)

For the poleward branch of the Hadley cells in T1, V =
1.1 m sec™! Thus, the ratio of eddy to Hadley cell hori-
zontal heat transport is «,/Va = 0.1, which satisfies the
first Gierasch criterion, The ratio of eddy to Hadley cell
horizontal angular momentum transport is v»,/Va = 0.4,
which does not satisfy the Gierasch requirement. Finally,
the ratio of vertical to horizontal eddy angular momentum
transport can be expressed as (v,/v,)(a/DY = 0.6, which
only marginally satisfies the criterion. The dominance of
barotropic conversion over dissipation in T! and T3, as
opposed to the strong dissipation in T2 and V, is consistent
with the Rossow—Williams weak forcing scenario for su-
perrotation.

The discrepancies between the GCM realization and
the Gierasch criteria arise because Gierasch considered a
parameter setting appropriate to maximum efficiency of
his mechanism. Specifically, v./Va » 1 and (v./v,)(a/
D)* < 1 are required to produce a uniform angular velocity
zonal flow profile. This profile was shown by Rossow and
Williams (1979) to be the relaxed state of two-dimensional
turbulence and thus the configuration of maximum possi-
ble superrotation. The GCM instead finds a middle ground
between this extreme and the uniform angular momentum
extreme corresponding to Hadley cell dominance and no

equatorial superrotation. Given that downward eddy mix-
ing must balance upward Hadley cell transport in the
horizontally averaged momentum equation, it must also
be true that the vertical and horizontal eddy mixing are
comparable in the intermediate regime.

The Gierasch model also assumes that the horizontal
Pr = =, so that eddy heat transports do not destroy the
meridional temperature gradient that gives rise to the Had-
ley cell and barotropically unstable high latitude jets. Pr
does increase from <1 to >1 in the GCM as the rotation
rate decreases and from the weakly to strongly superrotat-
ing experiments; however, in all cases Pr < O(10). The
small eddy heat fluxes we find are attributable more to the
small meridional temperature gradients along which the
eddies transport than to the purely barotropic character
of the eddies themselves. The GCM situation thus more
closely resembles the parameter setting envisioned by
Mayr and Harris (1983), who showed superrotation solu-
tions of a two-dimensional mode! for the regime Pr = 1.

The uniform linear momentum latitudinal profile of
zonal wind realized by the GCM may reveal a fundamental
property of slowly rotating atmospheres. It can be shown
that this profile results when the total Ertel potential vor-
ticity on a sphere is well-mixed with respect to the neutral
equatorial value for a stable circulation, assuming a mod-
erate Richardson number comparable to that in the numer-
ical simulations (Allison and Del Genio 1992). The poten-
tial vorticity constraint for slowly rotating flows is a
generalization of the weil-known pseudo-potential vortic-
ity condition for neutral stability of baroclinic flows in
quasi-geostrophic atmospheres., The GCM winds may
therefore represent the fully relaxed state for a three-
dimensional slowly rotating atmosphere of intermediate
stability. This contrasts with the two-dimensional case, in
which absolute vorticity mixing yields a uniform angular
velocity wind profile in the fully relaxed state (Rossow
and Williams 1979).

b. Does Titan Superrotate?

We have established that three conditions are necessary
for strong equatorial superrotation by the Gierasch—Ros-
sow—Williams mechanism: (i) The planet must rotate
slowly enough so that eddy transports are more barotropic
(equatorward momentum flux, small heat flux) than baro-
clinic (large poleward heat flux, usually with poleward
momentum flux) in character; (ii) the diabatic heating pro-
file must suppress vertical mixing, so that the kinetic en-
ergy of the mean flow is preferentially converted to eddy
kinetic energy as opposed to being dissipated; (iii) suiface
drag must be strong enough for efficient transfer of angular
momentum from planet to atmosphere.

Previous GCM simulations with variable rotation rate
suggest that the transition from the baroclinic regime to
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the quasi-barotropic regime occurs when the midlatitude
Rossby radius of deformation 1, becomes comparable to
the size of the planel (cf. Del Genio and Suozzo 1987).
The deformation radius is given by L, = NH/f, where N
is the Brunt-Viisild frequency, H the scale height, and
f=2Q sin 8 the Coriolis parameter (=220 at 45° latitude).
We therefore expect superrotation on Titan if Ly > a, or
if the rotation period P = 2#/{) satisfies

22 rq

For Titan, with a = 2575 km, N = 3.3 x 107¥ sec™!, and
H = 18 km (Allison and Travis 1986), the critical rotation
period is thus P = 4.2 4. If Titan is tidally locked to Saturn,
as is usually assumed, then its rotation period is close to
16 days, which clearly puts it into the quasi-barotropic
regime. The absence of longitudinal brightness tempera-
ture contrasts in Voyager IRIS observations of Titan, and
thermal wind inferences of midlatitude angular momen-
tum 3 times the planetary value, have been interpreted to
mean that Titan is in the slowly rotating regime (Flasar et
al. 1981).

The weakness of vertical mixing on Titan is unfortu-
nately more uncertain. Voyager radio occultation temper-
ature profiles (Lindal er ai. 1983) are dry adiabatic only
up to about 3.5 km altitude and statically stable above,
suggesting that dry convective turbulence is confined to
a fairly shallow boundary layer. This is consistent with
the effect of a planetwide haze on surface insolation. By
comparison, Flasar et al. (1981) infer a Hadley cell of
nearly 50 km depth. However, Flasar (1983a} has shown
that Titan’s troposphere is likely to be conditionally unsta-
ble to deep methane moist convection, which could ex-
tend over a significant fraction of the depth of the tropo-
sphere. If deep methane cumuli are pervasive, the
strength of vertical mixing might be much greater than
that suggested by the temperature profile alone, and this
could limit the extent of equatorial superrotation. How-
ever, momentum transport and energy dissipation by
moist convection are more complex than those by dry
convection. Furthermore, if the Titan troposphere is sub-
stantially subsaturated outside the convecting regions, as
is the case in Earth’s tropics, the resulting cumulus heat-
ing might actually further stabilize the large-scale atmo-
sphere, promoting superrotation instead.

Of course, extensive deep moist convection on Titan
requires the existence of a surface source of methane.
Initially, it was suggested that Titan might be covered by
a mixed ethane—methane ocean (Lunine er al. 1983, Flasar
1983b). However, at least some of the radar returns ob-
tained from Titan's surface seem to be inconsistent with
an ocean-covered surface (Muhleman ef af. 1990). None-
theless, the apparent high relative humidity of near-sur-

face methane on Titan (McKay er al. 1989) argues for at
least a regional surface source, perhaps in the form of
lakes or shallow seas. This suggests that although superro-
tation is likely on Titan, a situation like that realized in
our Experiment T2 cannot yet be ruled out. The absence
of a global ocean would also imply that the relevant sur-
face drag coefficient for Titan is significantly greater than
the lower limit estimated by Allison (1992), which would
rule out a weakly superrotating scenario similar to that in
Experiment T4.

The Cassini/Huygens mission should provide much of
the data needed to constrain the dynamics of Titan’s atmo-
sphere. The Titan Radar Mapper will determine the plan-
et’s rotation rate and areal coverage of surface methane
sources and may also characterize the surface roughness.
The Descent Imager/Spectral Radiometer will determine
the solar flux deposition profile that drives the dynamics
and the static stability. The Doppler Wind Experiment
will directly measure the instantaneous vertical profile of
zonal wind at one location; given our results, it is clear
that the probe should enter Titan’s atmosphere near the
equator to maximize the scientific return of this experi-
ment. Although Voyager images showed almost no
trackable cloud features, the Cassini Imaging Science
Subsystem will include near-infrared channels which may
detect tropospheric cloud contrasts and provide a latitudi-
nal profile of zenal and meridional winds. The imaging
system will also carry channels for lightning detection as
an indicator of deep moist convection.

Zonal wind profiles can also be estimated by vertically
integrating the thermal wind equation, assuming negligible
surface wind, and using temperatures from the Radio Sci-
ence Subsystem and Composite Infrared Spectrometer.
Figure 14 compares the actual wind in the GCM to a
thermal wind estimate based on a direct gradient wind
balance (Coriolis plus curvature vs pressure gradient
forces). In general, the gradient wind is within 3 m sec™!
of the actual zonal wind. The only exceptions are the
lowest and highest model layers, where surface and strato-
spheric drag are non-negligible terms in the momentum
balance, and the low-latitude lower troposphere, where
there is no gradient wind solution because of a reversal of
sign of the latitudinal geopotential gradient (indicating that
the momentum balance is dominated by eddy fluxes).

Since the gradient wind equation is quadratic, a second
solution corresponding to strong subrotation is possible
as well (although the winds are ~10 m sec™! weaker be-
cause of competition between the curvature and Coriolis
terms). This solution is unlikely if the mechanism taking
place in the GCM was responsible for establishing Titan’s
winds, because the Coriolis torque on the poleward
branch of the Hadley cell determines the ultimate wind
direction in the spinup phase (cf. Leovy 1973). The situa-
tion is analogous to that which constrains the circulation
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direction of terrestrial hurricanes to always be cyclonic.
We cannot observe the evolution of Titan’s general circu-
lation, only the equilibrium state, so a subrotating gradient
wind balance cannot be ruled out, but it would have to be
the result of dynamical mechanisms other than those we
have considered.

¢. How Similar Are Venus and Titan?

We have argued that Titan is likely to be in the same
superrotating regime as Venus. The difference between
Experiments T3 and V attests, however, to the presence
of special conditions on Venus which allow superrotation
to exist. In Gierasch’s theory, U/ is proportional to Qa,
which is a factor of 6 smaller for Venus than for Titan.
Thus, for the same depth of flow and vertical mixing, we
would expect much weaker winds on Venus. However,
superrotating flow is seven scale heights deep on Venus,
which means that strong cloud-top winds can exist despite
moderate vertical shear. By comparison, the GCM we
have used is only two to three scale heights deep, which
may be sufficient for Titan’s troposphere but is not for
Venus'. The relatively weak surface source of momentum
at Venus’ rotation rate suggests that simulation of that
planet’s dynamics is much more sensitive to energy dissi-
pation and artificial momentum sinks in the model. Com-
parison of the energy cycles in Experiments T3 and V
bears this out. From a modeling standpoint, either a
thicker cloud than we have used or one with latitudinally
varying radiative properties may be necessary, in order
that radiatively driven convective layers be separated ver-

tically and horizontally from the location of the jet. (On
Venus, the neutrally stable middle cloud layer is two to
three scale heights below cloud top, and cloud feature
morphology changes from cellular to linear in midlati-
tudes.} Numerical schemes which conserve momentum
to higher accuracy and conservative gravity wave drag
parameterizations are also required,

Of course, astronomical factors should be considered
in any comparison of Venus and Titan dynamics. Titan’s
greater distance from the Sun implies weaker radiative
driving, but the primary effect may be to make Titan’s
radiative time constant comparable to that of the much
thicker Venus atmosphere. Semidiurnal tides have been
shown to significantly amplify superrotation near the
Venus cloud top (Hou er af. 1990), so that the Gier-
asch—Rossow-Williams mechanism need not provide all
of the angular momentum. Given Titan’s long radiative
time constants at all altitudes, tidal driving is likely to be
less important there. On the other hand, Venus® small
obliquity should effectively eliminate seasonal effects
there, while seasonality may have important dynamical
consequences on Titan (Flasar and Conrath 1990).

Finally, we note that despite the need for model im-
provements, our results for Titan seem to be easily under-
stood in terms of well-resolved dynamical mechanisms
and seem at least qualitatively robust to changes in uncer-
tain parameters, Furthermore, experiments underway
with other models (Hourdin et al. 1992) are producing
results similar to ours in their spinup stage. We therefore
conclude that equatorial superrotation is probably a com-
mon feature of statically stable, slowly rotating planets.
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